Abstract--Investigation of mixed-layer illite/smectites with far-infrared (FIR) spectroscopy indicates the presence of torsional mode absorption bands associated with interlayer fixed-K sites. By contrast, hydrated montmorillonitic interlayer cation sites are transparent in the far IR. The presence or absence of bands for interlayer cation sites appears to be related to both the magnitude and site of negative layer charge within the 2:1 layer structure. The bimodal nature of illite/smectite spectra leads to the suggestion that two different fixed-K environments occur within illite/smectite structures. These two environments are controlled by the composition of the octahedral sheet. The torsional modes at 112 and 89 cm ~ represent fixed-K sites influenced, respectively, by an Al-rich, high-charge dioctahedral layer and a heterogeneous A1-Fe-Mg-bearing, low-charge layer. A general trend of increasing absorption of the 112 cm -1 band, relative to the 89 cm 1 band, is observed in a typical diagenetic illite/smectite sequence of Miocene shales from the Gulf of Mexico sedimentary basin. The absorbance strength of both torsional bands is also seen to increase with increasing degree of illitization and the amount of fixed potassium in the illite/smectite. These observations are consistent with the concept of shales undergoing illitization during burial diagenesis by both the collapse of high-charge smectite layers to form illite layers (i.e., transformation) and the formation of new high-charge (-0.9) illite layers at the expense of smectite layers (i.e., dissolution/ neoformation).
INTRODUCTION
The exact chemical structure of mixed-layer illite/ smectites (I/S) has long been the subject of discussion because of the importance of their thermodynamic and kinetic properties in controlling common weathering and diagenetic reactions (Garrels, 1984) . The analytical techniques of X-ray diffraction and major oxide analysis are the primary means used to elucidate I/S crystal chemistry (MacEwan and Ruiz-Amil, 1975; Hower et al., 1976; Reynolds, 1980; Srodofi et.al., 1986; Eberl and Srodofi, 1988) . Ancillary techniques such as electron microscopy (Nadeau et al., 1984a (Nadeau et al., , 1984b (Nadeau et al., , 1984c Inoue et al., 1987; Ahn and Buseck, 1990) , IR spectroscopy (Juo and White, 1969; Farmer and Velde, 1973; Sayin and Reichenbach, 1978; Velde, 1983) and nuclear magnetic resonance spectroscopy (Kirkpatrick et al., 1986; Weiss et al., 1987; Altaner et al., 1988; Woessner, 1989) have provided additional constraints on the crystallographic and chemical details of I/S. Theoretical electrostatic potential calculations have also improved our perception of 2:1 pbyllosilicate structures (Giese, 1971; Bleam, 1990) , and it appears that the ability to predict large clay mineral structures accurately via ab initio electron wavefunction calcula-J Present address: Department of Geology, The University of Georgia, Athens, Georgia 30602. Copyright 9 1992, The Clay Minerals Society tions and molecular dynamics will emerge toward the end of this decade (Lasaga, 1990) . Despite these vast strides in our understanding of the crystal and chemical state of I/S, there are still ambiguities regarding the nature of their structure (Altaner et aL, 1988) . A large part of this ambiguity originates from the lack of selfconsistency among the various analytical techniques. Therefore, any additional technique(s) that can independently corroborate the current models for I/S crystal chemistry would certainly be of benefit.
As suggested by Schroeder (1990) , the nature of the interlayer torsional-vibrational mode of mica structures may help provide an additional constraint on the structure of layer charged 2:1 phyllosilicates. This vibrational mode is observed as a strong absorption band in the far-IR region, whose frequency is strongly correlated with the charge and mass of the interlayer cation and the composition of the octahedral layer (Fripiat, 1982; Grupta et aL, 1988; Laperche and Prost, 1989 ; this study). The interlayer torsional mode ofmicaceous 2:1 phyllosilicates is typically observed in the frequency range of50-115 cm -~. Translational interlayer modes are also indentified at slightly higher freqeuencies, in the 120-180 cm -1 range. However, in contrast to the torsional mode, these modes typically exhibit much lower absorbance values. With its relative ease of detection, the torsional mode offers a greater potential for application in multiphase natural systems and, therefore, is the focus of this study. 81
The purpose of this study is to assess the relationship between the frequency and intensity of the interlayer torsional mode(s) and the crystal-chemical properties of mixed-layer I/S. The first objective of this study is to discriminate absorption bands of I/S that are associated with fixed cations from those potentially associated with exchangeable cations. The known dependency of frequency on both the exchangeable cation charge and mass (as seen in vermiculite) and on the octahedral composition (as seen in K micas) provides the basis for this examination. A second aspect of this work addresses the implications of band frequency and intensity for characterization of the I/S structure. As part of this second goal, aim is taken at the investigation of the FIR spectra of Miocene shales sampled from the Gulf of Mexico sedimentary basin.
MATERIALS AND METHODS

Samples and sample preparation
Mineral specimens used in this study were chosen in order to examine a range of mixed-layer states and the effect of the site of layer charge. These minerals include: The Clay Minerals Society Source Clay Repository reference materials IMt-1 (illite; Silver Hill, Montana), ISMt-1 (K-bentonite; Mancos shale), SCa-1 (Ca-montmorillonite; Otay, California), SWy-1 (Na-montmorillonite; Crook Co., Wyoming), VTx-1 (vermiculite; Llano, Texas) and a mixed-layer I/S (Cameron, Arizona; Yale Peabody Museum #002M-DSI). A sequence of natural mixed-layer I/S, from a well located in Terrebonne Parish, Louisiana, was also studied as representative of samples from a burial diagenetic environment. The natural I/S samples used were drill cuttings from Miocene shale intervals, collected over the depth range of 1220-5764 m (Table 1) . Shale chips were hand-picked to avoid potential drilling mud contamination.
All samples were gently disaggregated and sieved to remove the > 45.0-ttm fraction. Several chemical treatments were then applied to the samples in order to purify them before analysis, Labile organics were removed using HzO2. Iron oxide and oxyhydroxide coatings were removed using a pH 7.6 buffered citrate-dithionate-bicarbonate solution (Ruttenberg, 1990) , and carbonates were removed using pH 4 buffered sodium acetate-acetic acid (Moore and Reynolds, 1989) . All samples were subsequently sized to the <2.0-urn (equivalent spherical diameter) fraction by centrifugation (Hathaway, 1956) . In order to keep grain size effects comparable, the reference materials were sized to the < 1.0-urn fraction. The shale samples were further sized to the <0.2-urn fraction to concentrate the diagenetic clay.
Saturation of the exchangeable cation sites in the various clays was performed through standard treatment with 1 M chloride solutions for univalent cations and 0.1 M solutions for divalent cations. The effectiveness of the saturation treatment was checked with a Scintag Pad-V X-ray diffractometer by measurement of the basal (001) reflections (MacEwan and Wilson, 1980) using slurry-sedimented mounts on quartz plates at the ambient relative humidity of the laboratory (-50%). Cation-exchanged vermiculites were examined by X-ray diffraction (XRD) to demonstrate the effect of different ionic radii on the d(001) distance. Sedimented mounts were heated at 1000C for 24 hours to remove the hydration sphere. To minimize rehydration effects, samples were scanned in the diffractometer within 30 seconds from removal from the oven.
Analytical techniques
The inability to separate the discrete kaolinite and illite from the diagenetic I/S clay fraction in the shale cuttings necessitated quantitative clay mineralogy of the <0.2-gin fraction. The procedure involved the use of model XRD patterns calculated by the program NEWMOD (Reynolds, 1985) . The quantitation was obtained using the following procedure: 1) XRD data were collected from Ca 2+-and ethylene glycolsaturated mounts, sedimented from slurries to infinite thickness; 2) the percentage ofillite in the I/S was determined using the differential measurement of the reflections in the 43 ~ 48~ CuKa region (Srodofi, 1980) . Peak positions of the mixed-layer I/S (005/008) and (005/009) and the illite (005) reflections were determined from fitted Gaussian curves using a least-squares routine supplied by Scintag; 3) using a quartz standard, appropriate instrument-sensitive NEWMOD parameters were tuned to best-fit the Scintag diffractometer optics; 4) the remaining tunable sample-sensitive NEWMOD parameters were further determined by using independent compositional data and trial-and-error to best-fit model output with observed diffraction data. Parameters used in the final calculations were: the range of number of unit cells stacked in a coherent scattering array, N = 10-18 for the kaolinite; N = 7-14, K + = 0.75, Fe 2+ = 0.2 for the illite; and a mean defect-free distance of 3 unit cells over a coherent scattering domain of 6 unit cells (K § = 0.75, Fe3+iH~to = 0.2 and Fe3+smect,o = 0.4 for the I/S); 5) reference intensity ratios (RIR) (Chung, 1975) were then calculated for each model using the 20 range 22*--35 *, at 0.1 ~ increments, using kaolinite as the reference standard; 6) a least-squares minimization technique was used to fit model diffraction data with observed diffraction data (Smith et al., 1987) ; 7) appropriate RIRs were applied to obtain the relative abundance of each clay mineral; and 8) as a check, a final model diffraction data set was computed with the derived weight fractions. Observed and model diffraction data were then visually compared to verify a reasonable degree of fit (see Figure 1 for examples of results). It is important to realize that the diffraction patterns of most natural samples are best modeled as a population with a range of particle sizes, chemistries, defects and Reichweite properties. However, for ease of characterization and consistency in reporting, average values for the fraction of illite in the mixed-layer I/S and Reichweite (R) were employed.
FIR absorption spectra were collected on a Nicolet SX-60 FTIR spectrometer using a 25-#m thick Mylar beam splitter, Globar source, DTGS detector and water/COz-purged atmosphere. Spectral resolution was set at 4 cm ~ with a timeaveraged signal collected over 200 scans. Peak positions were reproducibly measured +0.5 cm 1. Spectral data in the 120-140 cm -~ region are either interpolated or not reported for the following reasons. Firstly, the 25-urn beam splitter has very poor efficiency in this region. Secondly, the acquisition of a sample IR spectrum relies on the ratio of the sample signal to a blank instrument signal, in order to remove nonlinear instrumental effects. Ideally, the instrument mirror and sample chambers are purged of gaseous COz and H20, because these molecules absorb IR radiation. An ineffective purge leaves residual gases in the chambers. As a consequence, a significant overprint from the rotational bands of water can be imparted on the spectrum (Hofmeister et al., 1989) . The combined effects of poor beam splitter efficiency and difficulty in duplicating purge conditions result in spurious signals for the 120-140 cm -1 region.
Samples were sedimented either on an IR-grade silicon wafer (Schroeder, 1989) or made to form a self-supporting film. Sample densities were determined by independent weight measurements (using a microbalance) and area measurements (using a microscope with an attached image analyzer). Rigorous quantitative assessment of the IR data could not be addressed in this study because absolute calibration studies were not performed and because of instrument stability limitations. A simplified assessment is still possible, however, through application of the Bouger-Beer law:
(1) which states that absorbance (A) is a product of a proportionality constant (k) related to the absorptive power of the sample; the concentration of a constituent in a phase (c); the concentration of the phase in a mixture (c'); and the path length of the IR beam in the sample (1) (Smith, 1965) . Io and I are the intensities of incident and transmitted IR radiation, respectively. Major oxide analyses were performed with a JEOL TXA-8600 electron microprobe using standard techniques (Gulson and Lovering, 1968) . Independently calibrated standards and sample unknowns were fused with a pre-ignited lithium tetraborate-lithium carbonate-lanthanum oxide flux in a sampleto-flux ratio of 1:10 ( Wittkop and O'Day, 1973) . Analyses were carried out using a voltage of 15 KeV, a Faraday cup current of 20 nA and a beam diameter of 50 gm. Standard deviation in the counting measurements averaged about + 3% of the measured value for each element, except NazO, which averaged about _+ 10%. Total iron is reported as Fe203.
RESULTS
The discrimination of torsional bands associated with fixed-K sites from those associated with exchangeable interlayer cation sites is of primary concern. For a vermiculite, where the compensating interlayer cations can be homoionically exchanged, previous workers have shown the nature of the cation influences both torsional band behavior and lattice dimensions (Fripiat, 1982; Laperche, 1991) . To illustrate this effect, the torsional mode band frequencies of cation-exchanged, hydrated Llano vermiculite and the d(001) of dehydrated Llano vermiculite were measured with IR and XRD, respectively. Figure 2 shows the clear dependency of both band frequency and d(001) on the formal charge (z) and atomic mass (m) of the interlayer cation. The torsional band frequencies observed here are similar to those observed by Fripiat (1982) and Laperche (1991) . Figure 3 shows the FIR spectrum for air-dried, hydrated Cs-saturated illite, revealing two strong absorption bands at frequencies 107 and 93 cm i Based upon previous studies of K-micas, these bands are assigned to the torsional mode of the interlayer cations (Laperche and Prost, 1991) . Notably, the band frequencies in this region do not change upon saturation with the cations NH4 +, Na +, K +, Ca 2+, Rb +, Sr 2+ or Ba 2+ (all spectra are experimentally identical and it is for this reason that only the one Cs-saturated spectrum is shown). Figure 3 also shows spectra for Cs-saturated K-bentonite and Arizona-I/S in the air-dried, hydrated state. Two absorption bands, slightly broader than those of the illite, appear at approximately 112 and 89 cm 1. Like the illite, the torsional bands of the I/S do not shift when saturated with different cations. The XRD patterns of the K-bentonite and Arizona-US were simulated with NEWMOD using sample-sensitive model 
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.50 a n d R = 0, respectively. In order to ascertain w h e t h e r the low-frequency b a n d below 100 cm-% as seen in these m i x e d -l a y e r illitic clays, represents a n exchangeable cation site with n o functional c h a r g e / m a s s d e p e n d e n c y or represents a fixed-K site, c a t i o n -e x c h a n g e d m o n t m o r i l l o n i t e s were also e x a mined.
T h e F I R s p e c t r u m for air-dried, h y d r a t e d Cs-saturated C a -m o n t m o r i l l o n i t e shows no significant ab- 
t reproducible. A l t h o u g h n o t shown, N am o n t m o r i l l o n i t e also does n o t e x h i b i t obvious, reproducible a b s o r p t i o n b a n d s in t h e low-frequency region. Both m o n t m o r i l l o n i t e s , regardless o f cation saturation, h a v e no interlayer cation c h a r g e / m a s s -d e p e n d e n t bands, e v e n t h o u g h X R D d a t a indicated t h a t effective cation s a t u r a t i o n s were a c h i e v e d (Figure 4)
. T h e weak b a n d at 97 c m ~ o b s e r v e d in SCa-1 shows n o frequency dep e n d e n c e u p o n cation s a t u r a t i o n state. These F I R obs e r v a t i o n s o f m o n t m o r i l l o n i t e are consistent with those o f Velde a n d Couty (1985) . IMt-1 = Cambrian shale, Silver Hill, Montana; ISMt-1 = Ordovician Mancos shale; 2M-DS 1 = shale, Cameron, Arizona (Yale Peabody Museum #002M-DS1); shale identifications are given by sample depth, in meters.
Major oxide analyses for some of the reference materials and the Miocene samples studied are presented in Table 1.  Table 2 contains the normalized, quantitative XRD analysis of the <0.2-~tm fraction of the Miocene shale samples. Accuracies of the reported weight fractions amount to _+ 20% of the values listed. Relative precision of the values is _+5%. Obvious features seen in Table 2 are an increase in the amount of illite with depth and an increase in the percentage of illite layers in the I/S. Calculation of the total number ofillite layers (IT = illite + % illite x I/S) shows an increase with increasing depth of burial.
The FIR spectra of the <0.2-~m fraction, Cs-saturated Miocene shales are presented in Figure 5 . The band(s) around 196 cm -~, as suggested by Velde and Couty (1985) , can be assigned to a vibrational mode involving octahedral aluminum motions relative to the Si A1-O lattice of the tetrahedral sheet. This band can therefore be attributed to all the phyllosilicate phases present, including kaolinite, illite and I/S. The lower frequency torsional modes, like those in the reference I/S, are characterized by two broad bands with maximum absorbance occurring at 112 and 89 cm-k Like the reference I/S, the shale separates are also insensitive to hydrated exchangeable cation saturation states.
Several observations can be made regarding the torsional bands in this I/S series. Firstly, the frequencies of the bands do not shift with either the depth of sampling, fraction ofillite layers in the I/S, or K20 content of the I/S. Secondly, the ratio of the 112 cm ~ to 89 cm ~ band intensities increases with depth. This second relationship may be subtly apparent. However, one must recall that there are admixtures of illite and kaolinite in the specimens. Intensities of the bands at 112 cm-1 and 89 cm-1 were measured by estimating a linear Wavenumber (cm a) Figure 5 . Far-infrared spectra of <0.02-~m fraction of Miocene shales from the Gulf of Mexico sedimentary basin. Sample depths are given to the right of each spectrum. The average percent of illite layers in the illite/smectite (I/S) and the K20 content of the I/S are presented in the vacant data region of the spectra. Data in the 120 and 140 cm ~ region are not shown because of poor beam-splitter efficiency. The method of absorbance measurements at 112 cm -~ and 89 cm t is illustrated in the lowermost spectrum. background using adjacent absorption minima, and drawing a perpendicular line to the peak maxima at 112 and 89 cm-k Figure 6 is a plot of the sample depth versus the ratios of the 112 to 89 cm ~ band intensities. A final observation includes the general trend of increasing total absorbance of the 112 and 89 cm i bands with increasing 1(20 content of the I/S (Figure 7) . The K20 content of the I/S was derived using Eq. 2,
WI/S where W is the weight-fraction of illite (I) and I/S (Table 2), and K20 is the oxide weight-fraction (Table 1 and assumed K20~ = 0.09). Clays and Clay Minerals
DISCUSSION
Identification and detection of fixed versus exchangeable cation sites
The presence of torsional bands in the spectra of vermiculite and beidellite (Fripiat, 1982) and the absence of torsional bands in the spectra of montmorillonites indicate that both the amount and the site of layer charge are important factors in detecting exchangeable cation sites with far-IR spectroscopy. In the case of vermiculite, the presence of a torsional mode absorption band indicates that most of the interlayer cations within the basal oxygen cavities occupy a unique equilibrium position. This may be attributed to both the modest amount of layer charge (-0.45 per half unit cell) and the location of charge from within the tetrahedral sheet. Stacking defects between layers and ordering of the layer structures may also be an important factor controlling the strength of the absorption band. For vermiculites, the location of layer charge in the tetrahedral sheet facilitates a relatively regular stacking order of the layers (de la Calle and Suquet, 1988) . The presence of torsional mode absorption bands may coincide with the near-ideal layer shifts associated with the 1M polytype typical of vermiculites.
In a similar fashion to the vermiculite, the torsional band frequency ofbeidellite responds to the charge and mass of the exchangeable cation (Fripiat, 1982) . The higher frequencies of the bands for the cations Cs, Ba and K in beidellite (85, 80 and 100 cm -~) relative to vermiculite (59, 68 and 80 cm -~) can be attributed to the dioctahedral nature of the octahedral sheet. The asymmetrical charge distribution in the dioctahedral structure influences the orientation of bound hydroxyl, thereby lowering repulsive proton-interlayer cation forces (Prost and Laperche, 1990) . The origin of the beidellite layer charge, like vermiculite, is from within the tetrahedral sheet. However, in contrast to vermiculite the total net layer charge is smaller. No absorbance measurements were made on beidellite in this study, therefore no comparisons of absorption strength could be made. It would be informative to see if the smaller number of exchangeable sites and wider deviations from ideal stacking order in beidellite, relative to vermiculite, would lead to weaker torsional band absorbance values for samples with equivalent thickness.
The Na-and Ca-montmorillonites have average layer charges of -0.31 and -0.43 per half unit cell, respectively (van Olphen and Fripiat, 1979; Earley et aL, 1953) . The absence of coherent absorption bands in both indicates that when the site of the layer charge is both small and within the octahedral sheet the forces between the interlayer cations and the basal and hydroxyl oxygens are too diffuse to establish a single equilibrium position. The d-spacings of the (001) reflections also indicate that the cations are hydrated ( Figure   4 ). It is important to note that there are observable torsional modes in structures whose layer charge is primarily octahedral. This is the case for celadonites where the net layer charge is about -0.9.
From the above observations, there appears to be a threshold that involves both the location and amount of layer charge. The support for the threshold concept comes from the facts that: 1) bands are observed in 2:1 clays that have modest to high layer charge, originating from either the octahedral or tetrahedral sheet and in 2:1 clays that have low layer charge originating from the tetrahedral sheet, and 2) bands are not observed in 2:1 clays that have low charge originating from the octahedral sheet. This threshold may be raised by the processes of dehydration of the interlayer cation to collapse the structure into a more ordered state. Removal of the hydration sphere about the interlayer cation may improve stacking order and enhance the likelihood for coherent absorption. Unfortunately, instrumental limitations did not allow investigation of samples in the dehydrated state. Responses of FIR spectra to dehydration can only be speculated upon at this point, but appear to be fruitful ground for further experimentation.
The understanding of the response of the torsional mode to layer charge and compensating cations as learned from this study and others (Prost and Laperche, 1990; Schroeder, 1990; Laperche, 1991; Laperche and Prost, 1991) gives insight into the interpretation of the torsional bands observed in I/S. It appears reasonable to assign the bands observed in I/S to interlayer cations that are fixed by sheets whose layer charge is large (greater than -0.5?) and/or predominantly originates from the tetrahedral sheet. Insensitivity of the I/S spectra to hydrated cation saturation states indicates that the exchangeable montmorillonite sites are transparent to FIR detection.
Implications of band frequencies for 1/S structure
If it is assumed that exchangeable cations in I/S are not responsible for interlayer torsional absorption bands, the torsional bands in the spectra can be ascribed to fixed K. In this way, their frequencies and bimodal nature offer specific information about I/S crystal chemistry. For a given fixed homoionic interlayer composition, the study of true micas (sensu stricto, Bailey, 1984) indicates that the frequency of the torsional mode is primarily controlled by the composition of the octahedral sheet. Based on this premise, it is possible to use the empirical relationship proposed by Schroeder (1990) for predicting vibrational frequency from octahedral sheet composition in order to assess the chemical nature of the sheets surrounding fixed-K sites. Equation 3 is a simplified version of that relationship, assuming that no F-or Li + occupy the octahedral layer and that all the iron is Fe >. It has been rearranged to yield the aluminum composition of the octahedral sheet, given the frequency of the K torsional mode (v~) in wavenumbers, and the structural cation site composition in mole numbers based on 1 1 oxygen equivalents per formula unit: vi K -79.6 -1.92Mgoc t + 18.18Fe3c + Alo~ = (3) 15.22
It is important to realize that the initial correlation of octahedral composition and frequency was made using true micas only. Realizing that illite layers in I/S have net charges lower than -1.0 and the octahedral sheets contain subordinate amounts of Fe 2+, Eq. 3 is intended only to serve as a relative measure ofoctahedral sheet composition.
The oxide data from Table 1 have been recast into average structural formulae with 11 oxygen equivalents using the program CLAYFORM (Bodine, 1987) :
Ko.68Nao.ol (A1 L34Tio.03 Ee3+0.34 Mgo.zs)(Si3.63Alo.37) For the illite, K-bentonite and Arizona I/S the average aluminum octahedral contents are Aloe, = 1.34, Aloe, = 1.74, and Aloct= 1.30, respectively. The occurrences of bands at 107 and 93 cm -J in the illite and at 112 and 89 cm -1 in the I/S suggest that they possess two different fixed-K sites resulting from the influence of two distinct octahedral sheet compositions. The high frequency band at 107 cm -1 for the illite and 112 cm -~ for the I/S is similar to that of muscovite (108 cm ~), implying an interlayer site whose structure is controlled by an Al-rich, muscovite-like dioctahedral sheet. If it is assumed that Fe 3+ and Mg z+ are absent from this type ofoctahedral sheet, then Eq. 3 predicts octahedral sheet compositions of Aloct = 1.80, Aloc, = 2.13, and Aloc~ ---2.13, respectively. These octahedral molar values more closely resemble the values of muscovite than the values derived from the average formulae.
Fe 3+ and Mg 2+ in the octahedral sheet both have a frequency-lowering effect (Prost and Laperche, 1990; Schroeder, 1990) . The low frequency band at 93 cm -~ for the illite and 89 cm -1 for the I/S likely reflects interlayer sites whose structures are dominated by larger, heterogeneous sheets (i.e., containing both di-and trivalent cations). If all the Fe 3+ and Mg 2+ are in the octahedral sheet, then Eq. 3 estimates octahedral sheet contents of Aloe t = 1.26, Aloct = 1.18, and Aloe, = 1.16 for illite, K-bentonite and Arizona I/S, respectively. This layer type is hereafter referred to as the A1-FeMg-bearing layer.
The bimodal nature of the torsional bands and the octahedral compositions predicted from Eq. 3 suggest that I/S is composed of not only a smectitic layer, but also two distinct fixed-K layer types within the mixedlayer structure, whose environments are controlled by contrasting octahedral sheet compositions. The higher frequency of the Al-rich dioctahedral layer band in the K-bentonite (112 cm -1) relative to the illite (107 cm-l), and the lower frequency of the A1-Fe-Mg-bearing layer band in the K-bentonite (89 cm -~) relative to illite (93 cm-l), can be attributed to the effects of octahedral cation charge distribution on the hydroxyl orientation, and possibly greater stacking disorder or number of lateral dislocations in the ab-plane of the K-bentonite structure.
The concept of compositionally different illite layer types was inferred as early as 1966 by Hower and Mowatt, who were seeking to explain why chemical analyses ofillite yielded structural formulae with lower charges than true micas. Hower and Mowatt (1966) suggested that different layer types may be contained within different particle size populations, however their study saw no systematic differences in the chemistry of fractionated size ranges. The accepted value of-0.75 fixed-K layers per O~o(OH)2 for end-member illite is an average value based upon an ideal single phase structural formula. Evidence presented by Srodofi et al. (1986) , based upon the analysis of fixed interlayer cation content and percent expandable layers over the entire I/S range, supports the notion of I/S being comprised of compositionally different illite layers. Their data indicate two types of fixed cation sites are present, one with layer charges in the region of -0.55 per O~o(OH)2 (for randomly interstratified, R ~ 0), and the other in the region of -1.0 per O~o(OH)z (for ordered, R > 0). They further suggest that illitic portions of diagenetic I/S transform through a process of K + fixation that involves both the collapse of preexisting smectitic layers into low-charge (-0.55) illitic layers and the crystal growth of new high-charge (-1.0) illitic layers. Srodofi (1988) and Srodofi et al. (1990) have subsequently reinterpreted the relationship between fixed interlayer cation content and expandability of I/S. They now attribute the trend to an artifact related to the measurement of expandability using the XRD method. The presence of non-swelling basal surfaces that form the ends of small (i.e., fundamental) illite particles creates additional coherent X-ray scattering domains that result in estimates of fewer expandable layers. This interpretation nicely reconciles the discrepancy between measurements ofexpandability made by the XRD method and those made by counting of layer types using the TEM method. Eberl and Srodofi (1988) (1988) , who provide XRD and selected-area electron diffraction evidence for illite layer types existing in segregated illite and I/S domains. These more recent arguments properly bring to light the nature of illite particle surfaces, however there still remains the possibility for high-and low-charged illite layer types to exist.
The FIR evidence for an Al-rich, dioctahedral layer type and an A1-Fe-Mg-bearing layer type structure within I/S may be compatible with the low-K and high-K illite layer types proposed by Srodofl et al. (1986) . Unfortunately, the chemical and IR evidence offers no information about the ordering of these layer types. Octahedral sheet thicknesses for muscovite and phlogopite average about 2.09 ~ and 2.15 ~, respectively (see Tables 1 and 2 , in Bailey, 1984) . One would have to resolve octahedral structures in illitic clays with systematic dimensional differences on the order of 0.06 /~ in order to validate the concept of two illitic layer types. Therefore, TEM imaging evidence in recent papers does not necessarily directly support or refute the suggestion that compositionally different illite (10 A) layers can exist.
Torsional band characteristics in a burial diagenetic sequence
The FIR spectra for diagenetic I/S from the Miocene shales provide insight into diagenetic transformation mechanisms with evidence for the existence of two illite layer types; an Al-rich dioctahedral layer type and an A1-Fe-Mg-bearing layer type. The persistence of the low frequency band at 89 cm -1 throughout the diagenetic sequence supports the idea of preservation of early formed, low-charge (-0.5) illite layers, derived from the collapse of originally high-charged (-0.5) smectitic layers (Srodofi el aL, 1986) .
The ratio of the absorbance values for the 112 and 89 cm -~ bands of the same sample cancels the effect of variable path length between samples (Eq. 1). This ratio provides a measure of the relative concentration of the number of fixed cation sites that contribute to absorption. This ratio cannot be recalculated into the ratio of the absolute values of the concentration of fixed-K sites primarily because the absorption coefficients (k) for each band are not known. The trend of band ratios for the diagenetic I/S versus depth shown in Figure 6 , therefore, shows only that with increasing depth the 112 cm -~ band becomes stronger in relation to the 89 cm -~ band.
The relative band intensities, illustrated in Figure 7 , provide more information. They show a general trend of increasing normalized absorbance with increasing K20 in the I/S portion of the shale fine fraction for both the 89 cm -~ and 112 cm -I bands. Several factors may account for these results. The magnitude and site of layer charge, as well as stacking disorder, are likely to influence absorption intensity. The absorbance in-crease in the 89 cm ~ band with increased illitization could be attributed to either a greater number of similar equilibrium positions brought on by more ideal stacking order or the formation of new fixed-K sites associated with the A1-Fe-Mg-bearing layers. The increase in absorbance of the 112 cm ~ band with the K20 content of the I/S can be more likely attributed to the increase in the number of Al-rich dioctahedral layers (i.e., crystal growth). Given the quality of the data in this study, it is not possible to discriminate between the above factors. More rigorous quantitative IR studies will be required to elucidate the relationships between K20 content, stacking order (i.e., polytypism and defects) and absorption strength.
Recent high-resolution TEM study of I/S by Ahn and Buseck (1990) suggests the presence of structural heterogeneities. Although interlayer spacings of illite and collapsed smectite cannot be distinguished unambiguously by TEM, evidence for different stacking orders is suggested. R 1 I/S samples are dominated by 1Md stacking disorder, although local regions of 1M ordering are observed.
The concept of two illite layer types may also be supported by the hydrothermal I/S transformation studies of Whitney and Northrop (1988) . Based on closed system reactions, the oxygen-isotope resetting during illitization suggests a reaction that proceeds via two different reaction mechanisms. The two illite layer types recognized in this study may be compatible with those formed by layer collapse (partial 6~sO resetting) and those formed by crystal growth (complete 6~80 resetting).
CONCLUSIONS
Investigation of the far-infrared spectra of mixedlayer I/S suggests that the strength of absorbance is controlled by the magnitude and site of negative layer charge from within the 2:1 structure. Lattice defects and departure from ideal polytype stacking sequences may also be important factors affecting coherency of absorption. More rigorous study will be required to clarify the relationships between absorbance strength, concentration of fixed K, and polytypes. FIR spectra of mixed-layer I/S saturated with various cations indicate that the torsional motions of the basal oxygen ring about hydrated exchangeable cations are not coherent enough to allow for a strong observable band in the montmorillonite structure. This transparency to detection leads to the suggestion that the bimodal nature ofillite/smectite FIR spectra results from the presence of two fixed-K environments in the illitic structure. These high-and low-frequency torsional bands can be assigned to two types of fixed-K sites influenced, respectively, by an Al-rich, high-charge dioctahedral layer and an A1-Fe-Mg-bearing, low-charge layer.
A general trend of increasing Al-rich type layers relative to A1-Fe-Mg-bearing type layers is observed in a typical burial diagenetic sequence from the Gulf of Mexico sedimentary basin. The increase in absorbance of both torsional bands with increase in degree of illitization and fixed-K content is consistent with the concept of formation of new Al-rich illite layers at the expense of smectite layers. The persistence of an A1-Fe-Mg-bearing illite-type layer (evidenced by FIR) is compatible with previous chemical studies that suggest the I/S formed by burial diagenesis is comprised of both low-charge (-0.5) illite layers formed from the collapse of smectite layers and high-charge (-1.0) illite layers formed by precipitation from solution (Srodofi et at., 1986) .
The advent of Fourier transform IR spectrometers dedicated to the far-IR region should enable more precise and controlled conditions than those available for this study. The results presented here should encourage exploration of the relationships between low frequency vibrational modes and crystal-chemical properties of mixed-layer I/S such as hydration state, stacking order, polytypism, and crystallite size. This improved understanding now provides a basis for assessing the selfconsistency of chemical and structural models for I/S and for minimizing ambiguities that arise from characterization via multiple analytical techniques.
